anionic polymerization of caprolactam by the aid of chain initiators and catalysts [3] . It is well known that anionic polymerization of !-CL (APCL) occurs faster (i.e., over a few minutes) than classical hydrolytic polymerization, which takes about 12-24 h [4] . A fast polymerization process in addition to good mechanical properties of PA6 results in a wide range of applications for this polymer in reaction injection molding [5, 6] , rotational molding [1, 7] and centrifugal molding [8] [9] . This makes PA6 one of the main engineering materials in use today. According to different reports [10] [11] [12] [13] [14] [15] [16] [17] , there are three main parameters that govern the polymerization of APCL: the catalyst (type and concentration), activator (type and concentration), and also the initial polymerization temperature. In almost all published studies, this process has been carried out in an inert atmosphere. There are a number of problems that are inherent to the processing of reactive monomers and that limit the development and uptake of the process in industry [18] . These problems, which include difficulties in controlling the reaction viscosity and an uneven distribution of material, coupled with a lack of research in this area, have kept the use of reactive monomer systems in the rotational molding industry to a minimum [1] . Thus, one needs to gain fundamental understanding of the RRM of !-caprolactam in order to determine a means to control its viscosity during anionic polymerization which in turn would facilitate industrial applications. Although the feasibility of the reaction has been known for a long time, there is still only limited industrial exploitation [19] . The influence of polymerization conditions (i.e., catalyst and activator type and also catalyst/activator combination) on the rate of polymerization is reported in the literature [14, 20, 21] . However, the choice of polymerizations conditions for the RRM process has yet to be described and optimized. As a continuation of previous investigations [1, 2] , which report on the possibility of reactive rotomolding of defect-free Nyrim ® parts, our study presents a complementary approach based on determining the processing parameters required to obtain a polyamide 6 through reactive rotational molding by anionic polymerization of !-caprolactam (APA6). The reactive mixture (caprolactam, catalyst and activator) was injected into a mold and the PA6 was formed in-situ by the anionic polymerization of !-caprolactam at the set temperature during rotational molding. In a first step, the article discusses the influence of the concentration and combination of activator and initiator, as well as the effect of the polymerization temperature on the kinetics of polymerization. The aim was to choose a suitable APA6 formulation for RRM processing with shorter cycle times. Subsequently, we attempted to define the optimal conditions of rotational molding by constructing isoviscosity curves and to understand the reactive forming process by monitoring the viscosity. Finally, the process has been described by contrasting it with classical rotational molding, and as a result, the properties of APA6 and PA6 were also compared. (Figure 1 ) as it has a low moisture content (<100 ppm). The monomer also has a low viscosity (4.87 mPa·s at 100°C) and a low melting point (T m = 69°C). Brüggolen C20, a difunctional hexamethylene-1,6-dicarbamoylcaprolactam (2 mol/kg concentration in caprolactam) was added as an activator in combination with Brüggolen C10, sodium caprolactamate (1 mol/kg concentration in caprolactam) or Brüg-golen C1, caprolactam magnesium bromide (1.4 mol/kg concentration in caprolactam). The melt temperatures of C20, C1 and C10 were 60°C and the substances were used to control the speed and quality of the AP process. All reactants were supplied by Bruggemann Chemical, Germany, in sealed polyethylene-lined aluminum drums and were used without further processing or purification. Since anionic polymerization of !-caprolactam is very sensitive to moisture, [14] all the materials were dried overnight at 40°C under vacuum before use. The chemical structure of each material is presented in Figure 1 , and the chemical pathway for the catalyst-activated !-caprolactam reaction based on the C1/C20 combination is shown in Figure 2 [14].
Experimental

PA6 (capron) obtained with the classical rotational molding process
The PA6 used in this work is a commercial product referenced as Capron ® RXA1482RO HS and supplied by BASF (France). The resin was available in powder form. Its number average molar mass was 34 000 g/mol, and the melting point of this PA6 grade was 224°C.
In-situ polymerization of !-caprolactam
Premix preparation
The viscosity of APA6 is a function of the concentration of catalyst and initiator, as well as of temperature and time. Various formulations were investigated. The premix was charged to a reaction vessel and heated in an oil bath at 80°C under a nitrogen atmosphere: the monomer/activator-mixture was thus melted under stirring. In a second vessel, the catalyst was melted with the caprolactam. Subsequently, both mixtures were blended together and immediately characterized by DSC and with a rheometer in order to monitor in situ the anionic polymerization of !-caprolactam. The various premixes reported in Table 1 in different mass ratio were denoted CL/CX/CY(% caprolactam/% catalyst/% activator).
Polymerization kinetics
(chemorheology, DSC) The polymerization kinetics was monitored through isothermal measurements of the reaction exotherm with a differential scanning calorimeter (DSC Q10, TA Instruments, USA) and an ARES rheometer (Rheometeric Scientist, USA) used as a chemical reactor. The temperatures and compositions were varied with the aim of determining the process parameters. In the case of the rheological analysis, the premix was shaken and quickly introduced with a syringe into the (0.06) mm gap set between the preheated cone and plate geometry at the polymerization temperature. The plate had a diameter of 40 mm. Thus, the exchange surface between the polymerization medium and the area was small in comparison to the volume, thereby limiting the loss of premix by evaporation. The variations in complex viscosity during the polymerization step were then monitored by time sweep oscillatory experiments under a shear stress of 0.05 Pa and an angular frequency of 
2.2.3.
Reactive rotational molding process of APA6 A Rotoline pilot-scale shuttle-type rotational molding machine with an aluminum cube mold and a volume of 25"# 25"# 10 cm 3 was used to produce the PA6 parts. The Datapaq ® Tracker Telemetry system was utilized to measure, in real time, the temperatures of the oven, the external wall of the mold, and the internal air/nitrogen during the processing cycle. The reactive premixes were poured in the mold through an air vent, after which the mold's rotation and the thermal cycle were started. The rotation speeds of the two axes were 4 and 5 rpm. The typical chemorheology of a reactive liquid system is shown in Figure 3 [2] . It includes four main steps, and for each regime a certain viscosity is required. At the start of the process, the viscosity needs to be relatively low so that the rotating pool mixes the ingredients and only deposits a thin film of reactive resin on the mold surface. As the processing time progresses, the viscosity should slowly rise so that the cascading flows distribute a thicker layer evenly over the mold. In the last flow phase, rimming finalizes the even distribution of resin on the mold until gelation occurs, resulting in solid body rotation.
Characterization methods 2.3.1. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC Q10, TA Instruments, USA) was performed to investigate the crystallization and melting behaviors of the APA6 samples. Specimens with weights of 5-10 mg were cut for the measurement. Thermograms were recorded in three consecutive runs: (1) a first heating run, from room temperature to 240°C, followed by (2) cooling, from 240 to 25°C and finally (3) a second heating run, from 25 to 240°C. All experiments were performed at a heating/cooling rate of 10°C/min under an argon atmosphere to avoid thermal degradation. The degree of crystallisation, " c , was calculated considering a melting enthalpy of 190 J/g for a 100% crystalline polyamide 6 [17] . The polymerization was exothermic and the experiments involved measuring the reaction heat flow versus time at several constant temperatures. The activator and catalyst were added to the molten monomer just above its melting point after which the mixture was quenched in liquid nitrogen to stop the reaction. The cold (crystallized) mixture was then sealed in DSC capsules under a dry and oxygen-free atmosphere.
Monomer conversion
The degrees of conversion (X) of the APA6 samples were determined for various resin formulations at several temperatures. The polymerized samples were ground, weighed (m tot ) and refluxed overnight in demineralized water. After drying, the samples were weighed again (m pol ). While the caprolactam monomer dissolved easily in water, the polyamide-6 did not and the degree of conversion was consequently determined according to Equation (1) intrinsic viscosity measurements (#), M w could be determined according to Equation (2) [5] :
(2)
Mechanical characterization
The tensile specimens were obtained with a tensile Sample Cutting Die from rotomolded parts in press at 80°C. Tensile tests were carried out using a conventional Instron tensile machine at room temperature according to ASTM D368M test, with a crosshead speed of 10 mm/min. At least five specimens were tested for each material.
3. Results and discussion 3.1. Optimizing polymerization conditions for the RRM process 3.1.
Choice of activator -catalyst combination
The polymerization reaction consists of three steps: (i) anion formation, (ii) complex formation between the catalyst and the activator and (iii) polymerization through the anions during which an anion is regenerated after addition of a monomer [20] . Figure 4 shows the change in complex viscosity during the APCL in the presence of two activator-catalyst combinations (C20-C1 and C20-C10) polymerized at 160°C. The polymerization seemed to get off to a slow start when the C1 catalyst was used, as proven by the viscosity remaining constant at short times since no complex was formed initially [23] .
However, after a single monomer addition, the carbamoylcaprolactam group was replaced by an acetylcaprolactam group. Since the latter was able to form a complex with the initiator, the reaction rate increased after a while. In the case where catalyst C10 was used, there was no induction period for the AAPCL. This behavior was due to the complex formation between the catalyst C10 and the activator C20 [23] . It could thus be concluded that the C20-C10 formulation was unsuitable for the RRM process due to the reaction being immediate and the liquid not having enough time to spread before gelation, causing defects to be generated. As an alternative, the slower reacting formulation, that is C20-C1, could provide the required time window for the RRM process. As can be seen in Figure 4 , there was an induction time of 6 minutes before the start of polymerization. Figure 5 shows that the final steady-state value of the complex viscosity did not seem to depend on the temperature, but rather on the time of the polymerization reaction. It can be noted that the induction time decreased with increasing temperature and concentration of C1/C20. Besides the type of activator and initiator used, also the amount of these reactive species and the temperature influenced the reaction [23] . It was shown that the concentration and polymerization temperature increased the polymerization rate. A higher concentration of the activator increased the amount of initiator points for chain growth [23] . Also, with a higher concentration of catalyst, more anions were set free and more complexes could be formed. As a consequence, the polymerization rate went up.
Effect of polymerization temperature and activator-catalyst concentration
In-situ monitoring of polymerization and crystallization by rheology and DSC
The monitoring of the change in crystallinity of the APA6 material during the reaction is shown in Figures 6 and 7 . By combining the curves obtained from isothermal DSC and rheological measurements, it could be concluded that: At lower temperatures (150-160°C), the crystallization occurred faster and the heat flow pointed at the polymerization and crystallization taking place simultaneously and not being separated in this temperature range. This simultaneous process can affect the crystal morphology and enhance the final properties of the polymer. At higher temperature (170-180°C), as seen in Figure 7 , the crystallization began after the polymerization isotherm was completed. If the polymerization and crystallization were consecutive, i.e., if the molecular weight build-up was completed before the start of crystallization, the crystallization kinetics would not differ from the melt-crystallized PA6 except for a time-shift equal to the time needed for polymerization. Since the polymerization took place below the final polymer melting and crystallization points (T m = 224°C, T c = 185°C), the crystallization became initiated during polymerization. In order to obtain optimal polymer properties, it was essential to balance the rate of polymerization and crystallization. The reaction temperature adversely affected both rates: with increasing temperature, the polymerization rate became higher, whereas the crystallization slowed down [23] .
At 220°C, only the PA6 polymerization occurs (the temperature is close to the PA6 melting temperaturẽ 224°C. In this case, the viscosity increases during the build-up of the molecular weight. When the reaction temperature was too low, the crystallization was too fast and reactive chain-ends and monomer could get trapped inside the crystals before being able to polymerize. As a result, the final obtained conversions were low. On the other hand, when the reaction temperature was too high, the growth rate of the chains was significant, whereas the formation of crystals became delayed. The higher the molecular weight, the more the polymer chains became entangled. As a consequence, the resistance encountered during crystal formation increased, which reduced the final degree of crystallinity [23] . Figures 8 and 9 show typical DSC thermograms of polymer melting and crystallization peaks at several polymerization temperatures. It can be seen that the polymer melting temperature decreased with an increase of the polymerization temperature. At polymerization temperatures below the final melting point, the crystallization occurred during the polymerization and it caused an increase of the maximum melting point. As a result, crystallites formed during polymerization which led to much higher melting temperatures. When increasing the polymerization temperature from 160 to 180°C, a drop in the polymer melting [25] . Second, the increasing number of crystal imperfections induced by the formation of branch-points can cause a decrease in melting temperatures, simply because less energy is required in order to break down a crystal [26] . It is reported for APA6 that branching can even cause a transition in the crystal structure [25] , which is the third reason for the lower melting points. This is explained as follows. Two types of crystals appear in anionic PA6, i.e., those with the $-structure (T m = 220°C) and those with the %-structure (T m = 214°C). For anionic PA6, it is reported that due to excessive branching, the % content can increase [25] , hence reducing the melting point.
Influence of polymerization temperature on the polymer melting point
Processing 3.2.1. Chemorheology
In the case of reactive rotational molding, the process is controlled by the variation in viscosity during polymerization [2] . Since the viscosity becomes increased as the polymerization progresses, a specific amount of time at a low viscosity is required to spread the liquid in the mold during rotation. It is therefore important to predict this available induction time, as it depends on the reaction kinetics and thus on the temperature. available induction time versus temperature, as reported by Crawford [18] . The ideal viscosity for rotational molding of liquids is between 0.05 and 1 Pa·s. As the viscosity is dependent on temperature and the concentration of catalyst/activator, there was a minimum induction time for an isoviscosity curve at high temperature and concentration. Figure 10 and 11 portray the moldability zones, defining the areas where a successful rotational molding is expected. Below the final polymer melting temperature and with short amounts of time, the viscosity increase was caused by the polymerization; at longer periods of time the viscosity increase was also due to the crystallization [19] . The choice of minimum and optimum cycle times requires a minimum temperature representing the cycle that uses the lowest energy in order to obtain the rotomolded APA6 part. Furthermore, it has been shown that a temperature of 150°C offers the highest tensile properties [19, 23, 20] . Therefore, based on the isoviscosity curves of the premix CL/C1/C20 (100/4/4), we can expect the molding operation to be successfully carried out at this temperature with a short cycle time.
Criterion for producing defect-free APA6
parts in a biaxially rotating mold In order to achieve a properly molded part, the material must be in the rubber state before gelation takes place [27] . The material reaction viscosity should increase slowly in the range within which solid body rotation occurs. However, if the initial viscosity is too low, the rate of increase will have no effect on the finished part [18] . Figure 12 shows the viscosity profile of the premix CL/C1/C20 (100/4/4) at 150ºC. From this profile, the initial and minimum viscosity was determined and, as can be seen, there was sufficient induction time for the spreading. The rotational speed of the primary (W 1 ) and secondary (W 2 ) axes was respectively 4 and 5 rpm (4·2&/60 and 5·2&/60) rad/s in the rotational molding test. A lowest possible rotational speed should be employed to minimize bubble formation [2] . The material density was assumed to be 1100 kg/m 3 . The wall thickness of the part was 0.002 m and the mold's major (R 1 ) and minor radius (R 2 ): were 0.125 and 0.05 m. The maximum solid-body rotation viscosity for the stated range of conditions was obtained according to Equation (3) as [2] : (3) where $ SBR = viscosity at which solid-body rotation occurs (Equation (4) 
Equation (3) predicts a viscosity of 22.7 Pa·s for solid body rotation, and this result is marked in Figure 12 . It can be seen from this that the material was in the rubber state just before the viscosity increased rapidly to gelation. In summary, based on the rheological and DSC test results, the formulation CL/C1/C20 (100/4/4) at 150°C was selected and was used to fabricate APA6 parts with the RRM process.
Comparison between rotomolding PA6
parts obtained with RM and RRM 3.3.1. Monitoring the process Temperatures profiles for the internal air, external mold and oven were recorded using thermocouples during the heating and cooling cycles of Capron. The processing conditions included: a weight charge of 450 g, an oven temperature of 350°C, a rotational speed of 4 and 5 rpm, and still air cooling. As, can be seen in Figure 13 , the internal air temperature rose at a steady rate since it depended on the oven temperature. It exhibited four identifiable stages: induc-
0.7652~1100~2~10 tion, adherence of powder, melting-sintering of the powder and fusion-densification [28, 29] , as proposed by Harkin-Jones and Crawford [2] . The experimental results in Figure 10 suggest a cycle time of 45 minute to obtain a rotomolded PA6 part.
The procedure for making a biaxially and reactive rotational molded part was as follows. The mold was placed in the oven until the required mold temperature was achieved. The mold temperature was output onto a computer in real time via a Rotolog temperature measuring system. When the desired temperature was achieved, the mold was removed from the oven and rotated into the correct position for filling. The vent pipe was removed from the mold and the material was poured into the funnel, at which stage the mold was purged with dry nitrogen. The vent pipe was replaced as quickly as possible and the mold was put into rotation for the required cycle time. Finally the cooling cycle (if required) was started. By combining the viscosity curve of the APA6 material ( Figure 12 ) with the rotational motion of the mold, see Figure 14 , it was determined that the reactive premix passed through several flow phases. Before the rotation started, the liquid formed a pool at the bottom of the mold. During rotation the liquid was lifted up the mold wall in the direction of the rotation [2, 4] . The thickness of the layer is dependent on the linear velocity of rotation, the liquid viscosity and the liquid density. Based on the exothermic reaction of polymerization, as shown in Figure 12 , it should be noted that the heat of melting resulted in the heating of the liquid, reduced the viscosity slightly during molding, before it started to increase again. Eventually, the viscosity of the liquid became sufficiently high for the mold wall to support the entire pool, resulting in solid body rotation. Ideally, solid body rotation should occur just before the viscosity of the plastic starts to increase rapidly as shown in Figure 12 [3].
Characterization of PA6 obtained with RM and RRM
This section compares the thermal and tensile properties of two polyamides: -'PA6: capron, processed by melt rotational molding ( Figure 13 ). -'APA6: polymerized and rotomolded by reactive processing at a temperature of 150°C ( Figure 14) . Anionic polymerization at 150°C led to a similar degree of conversion as the melt-processed PA6 (see Table 2 ). However, in the case of the reactive process, the polymer chains had already attained a high molecular weight. Figure 15 presents typical DSC thermograms obtained for the final samples CL/C1/C20 (100/4/4) prepared at 150°C with RRM and commercial PA6 (Capron) obtained with the Table 2 ) [15] . Nevertheless, as can be seen, the heat of melt of APA6 was greater than PA6, indicating a higher degree of crystallinity, is expected to lead to a higher modulus and tensile strength and to a lower elongation [10] . The initial crystallization should take place at approx. 150°C. Since the polymerization occurred below the final polymer melting and crystallization points (i.e., T m = 224°C, T c = 187°C), the crystallization became initiated already during polymerization despite that this temperature was well below the crystallization temperature of PA6 (T c = 187°C). As a consequence, the crystal nuclei were plentiful and the final size of the spherulites was relatively small. Combining this with the high molecular weight of APA6 [22] , one could expect that a single polymer chain was part of many of these small spherulites, which suggests a polymer morphology in which small spherulites were connected by a well-developed network of tie-molecules [23] .
Tensile tests were performed on specimens obtained from the rotomolded parts. The typical stress-strain curves of PA6 and APA6 are shown in Figure 16 , and a summary of the tensile properties, including Young's modulus (E), tensile strength (% Se ), and elongation at break (A r %), are listed in Table 2 . APA6 polymerized at 150 °C show a pronounced tensile modulus and yield strength when compared with the PA6 elaborated through melting. This was due to the significantly higher degree of crystallinity, cf. Figure 15 , Table 2 . Furthermore, the corresponding values of elongation at break (Table 2) were lower. This made APA6 less ductile as compared to the melt-processed capron. It could therefore be concluded that, as with most semi-crystalline polymers, the mechanical properties of APA6 were predominantly determined by the degree of crystallinity and the level of conversion [14] . Furthermore, such polymerization-induced crystallization might be interesting as a means to decrease internal stresses [20] -a result that supports the studies of K. van Rijswijk et al. [14] and Udipi et al. [20] , in which the highest tensile properties of APA6 at weak deformations were obtained at a mold temperature of 150°C.
Conclusions
The kinetics of the APCL were investigated via DSC and rheology. The use of a rheometer as a chemical reactor rendered it possible to monitor the polymerization of !-caprolactam. In order to optimize the processing parameters for a successful rotational molding process, the effect of different activator-initiator concentrations and combinations, as well as of the polymerization temperature, was investigated. It was shown that, while the reaction mechanism was determined by the activator-initiator combination, the concentration and polymerization temperature had a large influence on the reaction rate and the physical properties of the polymer. The catalyst C1 was more suitable than its C10 counterpart as it rendered possible a suitable induction time. The formulation 100/4/4 at temperature of 150°C was thus suggested. The isoviscosity curves helped us to limit the rotational molding domain. A material with a viscosity profile could thus be formulated and tested. Finally, the APA6 obtained by reactive processing had a shorter cycle time and superior tensile properties at weak deformation as opposed to melt processed PA6.
